Abstract: An ON/OFF force sensor is fabricated by inkjet-printing process on flexible substrates. The goal is to obtain two distinct impedance states respectively to the applied force in order to be easily identifiable by a conditioning electronics for ultra-low power applications, and to avoid the use of an analog-to-digital convertor (ADC) in particular. The sensor is composed of two electrodes separated by a spacer. The elastomer layer constituting the spacer is in polydimethylsiloxane (PDMS). An opening is created in this spacer between the two electrodes in order to define an active area. The force is applied perpendicularly to the surface of the sensor. When no force is applied, the sensor's electrodes are not in contact, and the resistance ROFF tends toward infinity. When a force is applied, the sensor's electrodes are in contact, and the resistance RON tends toward 0. The minimal actuation force is as low as 0.01N.
Introduction
This work takes place in the context of the incommensurable development of the printed electronics, and after the commercial success of organic light-emitting devices (OLEDs) [1, 2] , printed sensors represent a growing market [3, 4] . Contrary to other electronic devices, the sensor's structure can be relatively simple so easier to manufacture with emerging technologies like printing processes.
In parallel, we are witnessing a huge deployment of the internet of things (IoT) [5, 6] and wireless sensor networks. Smart sensors must be able to communicate to be connected, to telecommunicate to avoid wires, and to be autonomous. Effectively it is inconceivable to imagine a battery associated to each of these billion sensors. Applications concern for example the radio-frequency identification (RFID) sector with passive tags where the power supply comes from radiofrequency (RF) energy harvesting [7] . The power budget is in this case extremely poor and consequently the sensor and its conditioning electronics must be ultra-low power.
For all these reasons, and respectively to the state of the art [8] [9] [10] , a sensor presenting two distinct impedance states has been designed. Such impedance states are easily identifiable by an electronic system and avoid, in particular, the use of a power-consumer ADC.
Materials and Methods

Structure of the Force Sensor and Manufacturing Steps
The structure and an exploded view of the force sensor are presented on the Figure 1 . The manufacturing steps of the printed device are detailed below. A bottom interdigitated electrode is first printed by inkjet process on a 25 μm thick flexible substrate. A spacer is then deposited by spin-coating. This spacer is an elastomer, the polydimethylsiloxane (PDMS). An opening is created in this spacer above the bottom electrode in order to define an active area. Finally a top electrode is inkjet-printed on another 25 μm thick flexible substrate. This second substrate is turned over, lined up, and glued on the first one thanks to the adhesive properties of the elastomer layer. The choice of the PDMS was done because of its properties: elastic, transparent, biocompatible, chemically inert, and easy to manufacture. The PDMS is elaborated from the Sylgard ® 184 Silicone Elastomer kit of the Dow Corning Corporation. The two liquid components of the kit, the base and hardener, are mixed in a 10 to 1 ratio. The mixture is realized by magnetic stirring at low velocity and under suction to avoid the formation of air bubbles. A well-controlled weight of liquid PDMS is used for each deposition with the spin-coater. A preliminary study permitted to set the parameters of the spin-coater (acceleration, velocity, time of deposition) in order to get the expected thickness layer. After a thermal curing on a hot plate (100 °C during 35 min as recommended by the provider), a well flexible and stretchable elastomer layer is reached.
Inkjet Printing Process
The choice of the inkjet printing process among the printing technologies is due to the fact that is a digital, contactless, and additive process [11, 12] . Its drawbacks are the sturdiness and the stability of the process. In consequence, before any printing, the substrates are cleaned by means of successive ultrasound baths. The four baths of the cleaning procedure are: liquinox, acetone, isopropanol, and ethanol. The choice of the Kapton as flexible substrate was led by its high thermal resistance.
The inkjet-printing machine is a MicroFab Jetlab4 drop-on-demand (DOD) printer with only one head fit with a 50 μm diameter nozzle. The ink ejection is controlled by a piezoelectric command. The inkjet-printing process must be optimized to get one and only one droplet, at the good distance of the substrate.
An organic silver complex compound (TEC-IJ-010 from InktecCo. Ltd., Danwon-Gu Ansan, South Korea) is used as metallic ink. Before printing, the ink is sonicated during 30 min to avoid the clogging of the nozzle. After printing, the sample is dried on a hotplate at 130 °C during 10 min in order to evacuate solvents. Then a thermal curing (in a conventional oven) is done at 150 °C during 30 min as recommended by the ink provider in order to get a high electrical conductivity of the metallic patterns. As an example, a picture of the bottom interdigitated electrode printed by inkjet process is presented on the Figure 2 . 
Results and Discussion
The characterization of the force sensor is realized thanks to a test bench composed of a Chatillon CS-225 digital force tester, a Keithley sourcemeter and a data acquisition system. The force is applied perpendicularly to the surface of the sensor (see Figure 3) . When no force is applied, the bottom and top electrodes are not in contact, and the resistance of the sensor tends toward infinity. When an enough force is applied, the electrodes are in contact and the resistance tends to 0. Two additional series and shunt resistors (of 1 kOhms and 10 MOhms respectively) are associated to the sensor for current limitations.
The minimal actuation force needed to put in contact the electrodes is as low as 0.01 N (see Figures 3 and 4) . The application of the force is repeated as quickly as possible (at a frequency lower than 1 Hz) with the digital force tester for this very low force. The dynamic behavior of the force sensor is satisfactory, in the limit of the capabilities of the test bench. 
Conclusions
A printed force sensor on flexible substrate is fabricated from only few manufacturing steps. Two electrodes (bottom and top) are printed on two different substrates (25 μm thick Kapton substrates). An elastomer layer of PDMS is fabricated by spin-coating and placed on the bottom electrode in order to be used as a spacer. An opening is created in the spacer to define an active area. The substrate of the top electrode is finally turned over, lined up, and glued on the first one thanks to the adhesive properties of the elastomer layer. The electrodes are made thanks to a silver ink and an inkjet-printer. The characterization of the force sensor has shown that the resistance of the sensor tends to 0 or infinity if a vertical force is applied or not, respectively. The actuation force is as low as 0.01N and the dynamic behavior of the sensor is satisfactory. This low-cost printed sensor could be used in ultra-low power applications as, for instance, in passive RFID tags.
